Ion-selective electrodes have many advantages in the ion activity determining process, i.e., direct and real-time monitoring of samples is possible. The key ingredient of plasticized PVC membranes is the incorporated ionophore, which defines the selectivity of the electrodes via selective complex formation with the cation of interest. The design and synthesis of neutral carriers/ionophores have become important in the field of host-guest chemistry. The most widely used ionselective electrode (ISE) for determining potassium is based on antibiotic valinomycin.
Introduction
Ion-selective electrodes have many advantages in the ion activity determining process, i.e., direct and real-time monitoring of samples is possible. The key ingredient of plasticized PVC membranes is the incorporated ionophore, which defines the selectivity of the electrodes via selective complex formation with the cation of interest. The design and synthesis of neutral carriers/ionophores have become important in the field of host-guest chemistry. The most widely used ionselective electrode (ISE) for determining potassium is based on antibiotic valinomycin. 1 Other carriers including crown ethers 2-5 substituted ethers of tetraethyleneglycol, 6 organo-phosphine ligands 7 and polymer supported liquid crystal membranes 8 have also been successfully applied as carriers for constructing potassium ISEs.
The incorporation of crown ether groups into self-assembled monolayers (SAMs) and their potential use as metal-ion sensors was reported. 9, 10 We recently prepared TEG (triethylene glycol monomethyl ether)-and PEG (polyethylene glycol monomethyl ether)-end-grafted carbosiloxane and carbosilane dendrimers and studied their ability to detect alkali metal-ion binding. 11 The general idea was to use the glycols to form ion binding domains at the periphery (similar to crown ethers) via self assembly. Apart from the ionophore topology, other membrane constituents, such as additive and plasticizers, also play a vital role in the performance of an ion sensor.
Brodbelt et al. first described the use of electrospray ionization mass spectrometry (ESI-MS) as an easy way to obtain, in general, information about binding selectivities in host-guest compounds, such as crown ether or cryptand metal complexes. 12, 13 The minimal sample consumption and the rapid feedback are the advantages of this method. The obtained results could provide essential information regarding the use of compounds as potential ionophore in ion-selective electrodes (ISEs).
In this publication, we describe the use of ESI-TOF mass spectrometry for preliminary screening a triethylene glycolfunctionalized carbosilane for the selective complexation of alkali metal ions.
Based on information from mass spectrometric studies, we decided to use Si[CH2CH2CH2-Si(Me)2CH2CH2CH2(OCH2CH2)3Me]4 (1) as an ionophore in the fabrication of a PVC-based membrane electrode. We already reported on the synthesis and characterization of 1 in an earlier publication. 11 Carbosilane dendrimers are expected to have high selectivity probably due to the fact that they are very stable towards hydrolysis, which makes them more suitable to be used as ionophores. The number of alkaline metal cations that can be coordinated depends on the number of peripheric TEG groups attached to the carbosilane. This paper reports on the cation selective properties and potentiometric response characteristics of 1 with various membrane components. The results indicate that the electrode offers a wide linear response range, and high selectivity and sensitivity to potassium.
injected with a syringe pump working at 5 μL/min. The spray tip potential was fixed at 4 kV for all experiments, like the other conditions to obtain comparable results. Membrane preparation and characterization. High molecular weight PVC was obtained from Fluka and used as received. An anion excluder, sodium tetraphenyl borate (NaTPB) from BDH (England) and dioctyl phthalate (DOP), dibutyl phthalate (DBP), dibutyl amine (DBA) and diphenyl ether (DPE) were obtained from Aldrich.
Schott Geräte Microprocessor pH/mV meter CG 840B (±0.1 mV) was used for potential measurements at 27 ± 0.1˚C. pH Measurements were made with a digital pH meter (glass electrode as pH electrode and calomel as reference electrode).
ESI-TOF investigations
To obtain comparable selectivities for all alkali cations measurements, four different mixtures were necessary. We investigated a 0.025 M methanolic solution of Si(CH2CH2CH2-Si(Me)2CH2CH2CH2(OCH2CH2)3Me)4 (1) (Fig. 1) .
To this mixture we added methanolic solutions of two alkali iodides, each as LiI/NaI, NaI/KI, KI/RbI and RbI/CsI, respectively. In this manner we had a 10:1 excess of each of the metal ions compared to carbosilane 1. The resulting four solutions were stirred for 10 min, and afterwards characterized by ESI-TOF mass spectrometry under identical conditions for each sample.
Potential measurements
The potentials were measured by direct potentiometry at 27 ± 0.1˚C with the help of ceramic junction calomel electrodes. 14 A 1.0 × 10 -2 M potassium chloride solution was taken as an inner reference and saturated calomel electrodes (SCE) were used as reference electrodes. The performance of the electrodes was examined by measuring the potentials of the primary ion solutions with a concentration range of 10 -8 -10 -1 M. The potential readings of the electrodes were recorded after the potential had reached steady state. Calibration plots were constructed by plotting the average of triplicate trials of the potential change versus the logarithm of the concentration of the cation present in the sample solution. All pH adjustments were made with HCl or NaOH.
Membrane and electrode preparation
Membranes containing varying amounts of ionophore (2 -3 wt%), NaTPB (1 -2 wt%), plasticizers (60 -63 wt%) and PVC (35 wt%) were dissolved in a minimum amount of freshly distilled tetrahydrofuran. This solution was mixed well and placed in a polyacrylic ring resting on a glass plate. After solvent evaporation overnight, the resulting membrane was peeled off from the mould. The obtained membrane disk was mounted in a Pyrex tube with the help of epoxy-bond glue. The time of contact and concentration with an equilibrating solution was necessary to be optimized so that the electrodes would generate a stable potential with a relatively faster response time.
Optimization of internal solution
The influence of the concentration of the internal solution on the potential response of the K + -selective electrode was studied. The concentration of the internal KCl solution was changed from 1 × 10 -2 to 1 × 10 -4 M and an emf vs. -log[K + ] plot was obtained. It was found that there was no significant difference in the potential response (working concentration range and slope) upon varying the concentration of the internal solution, except for the expected change in the intercept of the resulting Nernstian plots. Thus, a 1 × 10 -2 M solution was used as an internal solution for further studies. The optimum response of the electrode was tested after its conditioning for different periods of time in a 1 × 10 -2 M KCl solution. The slope obtained after 4 days of conditioning was close to the theoretical slope value expected from the Nernst equation. However, longer conditioning times resulted in no further improvement in the potential response.
Potentiometric selectivity studies
In order to obtain the potentiometric selectivity coefficients for K + with respect to interfering ions, the fixed interference method 15, 16 and the matched potential method 17 were adopted.
Results and Discussion
The key ingredient of plasticized PVC membranes is the incorporated carrier that defines the selectivity of the electrodes via selective complex formation with the cation of interest. The ESI-TOF mass spectrometry is a very useful tool to obtain expressive results concerning the complexation behavior in an easy way. The ESI-TOF mass spectrum of Si(CH2CH2CH2-Si(Me)2CH2CH2CH2(OCH2CH2)3Me)4 (1) (Fig. 1) , doped with K + , is depicted in Fig. 2 . The sample was doped with potassium ions for better ionization. Two peaks were observed. The first one at m/z = 1287 belongs to the molecule ion including one K ). Figure 2 presents a symbolic picture of the carbosilane dendrimer (1) in which the cations are complexed by the oxygens of the TEG-arms, which is a well-known behavior of polyethylene glycols towards metal cations. [18] [19] [20] To obtain a predication about the selectivity of compound 1, the concerning cations were added, as described in the Experimental part, before starting the mass spectrometrical investigations. From the resulting mass spectra, only the base peaks, the [M+2A] 2+ signals (A = alkali metal cations), were interpreted. To obtain comparable selectivities, an isotope correction for each intensity value was carried out. Therefore, all values were divided by the isotope abundance of the most common isotope (Li: 0.925, Na: 1328 ANALYTICAL SCIENCES OCTOBER 2006, VOL. 22 1, K: 0.933, Rb: 0.728, Cs: 1). The resulting selectivities for each alkali metal ion related to 100% were obtained. The most stable one was the potassium complex (36%). Li + and Na + have low selectivities with 4 and 9%, respectively and therefore, have no interference towards the working of the ion selective electrode made of 1 for detecting potassium ions. However, Rb (33%) and Cs complexes (19%) show relatively high stabilities. This could be problematic for the use of such an electrode, but the natural concentrations of rubidium and cesium are very low compared to potassium, and should not hamper any measurement.
In preliminary experiments, the TEG-carbosilane dendrimer 1 was used as a neutral carrier to prepare PVC-based membrane electrodes for a variety of alkali metal ions and ammonium ion. The potential responses of the most sensitive electrodes, prepared under the same experimental conditions, are shown in Fig. 3 .
As can be seen, among the different tested cations, K + , with the most sensitive response, seems to be suitably determined with the PVC membrane based on 1, and the potential responses obtained for all other cation-selective electrodes are much lower than that predicted by the Nernst equation. In other words, the detection limits of these cations were so high that they prevent their calibration plots from reaching the Nernstian range. This is probably due to the selective behavior of the ionophore for K + compared to other metal ions and the ammonium ion. The cation response order for alkali metal and ammonium ions is: K + > Rb + > Cs + ≈ Na + > NH4 + > Li + . When compared with the results found by the ESI-TOF investigations (vide supra), it could be seen that the tendency is the same, K + shows highest selectivity, followed by Rb + . While in the mass spectra the Cs + complex was found with two-times higher intensity than the Na + compound, the potentiometric investigations show nearly the same values for both ions. Li + shows in mass spectrometric as well as in the potential measurements very low values.
Membrane characteristics
The principle electrode characteristics, such as the Nernstian slope, dynamic linear range, detection limit and selectivity depend on the membrane composition, the ionophore and the nature of plasticizers (solvent mediators) and additives used. 21 Lipophilic anion additive (NaTPB) catalyzes the exchange kinetics at the sample-membrane interface and prevents anion interference from the solution. 22 We therefore investigated the effect of various membrane components on the response of the K + ion selective electrode. The electrode potential as a function of the K + activity (aK + ) was studied in 1. Fig. 4 Potential response of the potassium sensor with different compositions of membrane ingredients corresponding to 1 -8 of Table 1. plasticizers and NaTPB were tried, and only those data are mentioned in the manuscript (Table 1 and Fig. 4 ) that showed a relatively good response. Not all of the data are included in the tables and figures. The blank electrodes (without carrier) did not show any response. The effect of the plasticizer type was investigated using four plasticizers of different polarity. Among them, the use of DPE (diphenyl ether) resulted in the best sensitivity and selectivity. The effect of the concentration of NaTPB in the membrane was also investigated (data not included). The one having 60 wt% DPE as a plasticizer and 2 wt% NaTPB as an anion excluder (membrane No. 6) exhibited the best working concentration range of 1.9 × 10 -7 -1.0 × 10 -1 M with a slope of 58.3 mV per decade. The limit of detection, calculated as recommended by IUPAC from the intersection of the two extrapolated segments of the calibration curve, was 3.1 × 10 -7 M.
The amount of additive affects the selectivity of the ISE by both controlling the concentration of exchangeable cations and influencing the concentration of the free ionophore available for complexation. The incorporation of a large amount of additive in the membrane will reduce the free ionophore concentration, thereby increasing the concentration of un-complexed cations. Thus, a higher concentration of the additive resulted in a lower sensitivity and decreased selectivity for the target ion. The membranes having DBP, DOP and DBA as the plasticizer and NaTPB as the anion excluder exhibited a somewhat reduced working concentration range of 10 -6 -10 -1 M, probably due to the fact that in sensors for monovalent cations, the use of a relatively nonpolar membrane material can improve the response towards cations. Thus, membrane No. 6, having a composition ratio of 60:3:2:35 (wt%) (DPE:1:NaTPB:PVC), was chosen for further electroanalytical studies.
Response and life time
The response time of the K + ISE was defined as t95 when the potassium ion concentration was rapidly changed from one concentration to another (e.g. 10 -4 to 10 -3 M), where t95 is the time required for the electrode to reach 95% of the steady-state potentiometric value. Under these conditions, the response time (t95) of the electrode was found to be less than 10 s. The actual potential versus time traces are shown in Fig. 5 . The sensing behavior of the membrane electrode remained unchanged when the potentials were recorded either from low to higher concentration or vice versa. Therefore, the potentiometric response of the membrane turns out to be reversible.
The lifetimes of the electrodes were worked out by performing calibrations periodically with standard solutions and by calculating the response slope over the range of 1.0 × 10 -6 to 1.0 × 10 -1 M KCl. The experimental results show that the lifetime of the present electrode was over 45 days. During this time, the detection limit and the slope of the electrode remained almost constant. Subsequently, the electrochemical behavior of the electrode gradually deteriorated.
pH effect
The influence of the pH on the response of K + ISE with DPE as the plasticizer was studied at a 10 -2 , 10 -3 , and 10 -4 M 1330 ANALYTICAL SCIENCES OCTOBER 2006, VOL. 22 a. PVC, polyvinyl chloride; DOP, dioctyl phthalate; DPE, diphenyl ether; DBP, dibutyl phthalate; DBA, dibutyl amine; NaTPB, sodium tetraphenyl borate. Table 1 Composition and response characteristics of the PVC-based TEG-modified carbosilane 1 membrane sensor for K + ions 1  -35  63  ---2  ---2  2  35  62  ---1 Table 1 ).
concentration over the pH range of 3.5 -11.5. It was found that the response characteristics (response slope and detection range) of the electrode changed with changing the pH value of the solution. At pH values below 3.5 and above 9.5, no Nernstian response relationship was observed. In the range of pH 5.5 -8.5, the electrode showed a Nernstian response (Fig. 6 ). The diminished electrode potential at low pH (< 5.5) and high (> 8.5) indicated that Donnan failure was occurring. At lower pH values the chloride is probably sensed due to the fact that the potassium-ionophore complex in the membrane behaves as an anion-exchanger in this pH range. The observed drift at higher pH values could be due to the interfering effect of added Na + ion (as NaOH).
Potentiometric selectivity
The selectivity coefficient (K We also used the recommended matched potential method (MPM) in this work, according to which, a specified activity (concentration) of primary ions (A) was added to a reference solution and the potential was measured. In a separate experiment, interfering ions (B) were successively added to an identical reference solution, until the measured potential matched the one obtained before adding primary ions. The MPM selectivity coefficient, (Ksel) was then given by the resulting primary ion to the interfering ion activity (concentration) ratio, Ksel = aA/aB. The experimental conditions employed and the resulting values are given in Table 2 .
The proposed K + ISE exhibits good selectivity compared with previously described sensors 8, [22] [23] [24] [25] [26] (Table 3) . It exhibits a better working concentration range, slope and potentiometric selectivity for K + over many cations.
Conclusion
It could be shown that ESI-TOF mass spectrometry is a useful and expressive tool for prescreening the complexation behavior of ionophores. As an example, the triethylene glycol ether endcapped carbosilane Si(CH2CH2CH2Si(Me)2CH2CH2CH2-(OCH2CH2)3Me)4 (1) was investigated by mass spectrometry, and it was found that the potassium compound is the preferred formed alkali metal complex. Under the optimized conditions (DPE as plasticizer and NaTPB), the electrodes displayed excellent properties, such as the Nernstian response with a relatively fast and reversible potassium response, good pH range and selectivity compared to known literature examples. 
